In this paper, a nonlinear finite element analysis of impact interfacial fracture for a piezoelectric composite is provided. The Newmark method was used to solve the dynamics equation. Virtual crack closure technique is to evaluate the energy release rate of crack tip. Contact elements were set up on crack surface and in the area in contact under impact loading to prevent the penetration between PZT and composite. The response curves of the energy release rate are obtained for piezoelectric composites. Numerical results are provided to show the effect of the piezoelectricity, the applied voltage, the stack sequence of composites and the contact of crack surface on the resulting dynamic energy release rate of piezoelectric composites.
INTRODUCTION
Piezoelectric materials (such as PZT) and structures have received a deserving attention in the recent years, in virtue of their self-monitoring and self-controlling properties. By bonding or merging piezoelectric patches or members within a structure it could control the structure shape through electrically induced strain fields, conversely, employ the strain-induced electric fields as a sensor. Interfacial fracture for piezoelectric materials has received much attention in the last few years, and many theoretical and numerical results are obtained under quasi-static loading [1] [2] [3] . In many engineering applications, these piezoelectric smart structures may experience various impact events. It is, therefore, of great importance to investigate the transient dynamic response of interfacial crack under impact mechanical and electric coupling loading for piezoelectric composite smart structures [4] . Some studies have been carried out for dynamic fracture in piezoelectric composites. Chen et al. studied the problem of an anti-plane crack moving along the interface of dissimilar piezoelectric materials [5] . Shen et al. studied the transient response of a laminated piezoelectric plate containing an interfacial crack, then analyzed the interfacial crack in piezoelectric bimaterial system under impact loading on the crack surfaces by means of the integral transforms [6] [7] . Ueda studied the mode I impact fracture problems of a piezoelectric strip and a piezoelectric Letter layered composite plate with a central crack, respectively, then the normal impact fracture of a piezoelectric strip containing an off-centre crack perpendicular to the boundaries is considered by Laplace and Fourier transform techniques [8] [9] [10] . Nishioka et al. employed a dynamic J integral for dynamic interfacial cracks in piezoelectric bimaterials and obtained the relationships between the dynamic J integral and the stress and electric displacement intensity factors by near-tip analytical solutions [11] . Hu et al. employed a numerical analysis of impact interfacial fracture for a piezoelectric bimaterial [12] . Kwon et al. obtained the dynamic stress intensity factors and energy release rates for a hybrid laminate containing an interfacial crack between piezoelectric and orthotropic layers under electro-mechanical impact loading [13] . Jin et al. provided a theoretical study of the effect of partially debonded adhesive layers on the coupled electro-mechanical behaviour of piezoelectric actuators subjected to high-frequency electric loads [14] . Chen examined the dynamic behaviour of different piezoelectric bimaterial combinations containing two interfacial cracks subjected to mechanical impact loading by integral transforms techniques [15] . Qin et al. presented a closed crack tip model for the interface crack in thermo-piezoelectric materials in order to eliminate the physical difficulty of observing oscillating singularity at the crack tip [16] . Zhou et al. explored the dynamic response of two collinear interface cracks in magnetoelectro-elastic materials [17] .
Although some theoretical and numerical studies have been proposed as mentioned above, the interfacial crack between piezoelectric materials and composite laminates is few studied, and most of the work did not consider the contact between the crack surfaces. Damping is also related to mechanical loss and it is dependent of the impact loading, it is an important property for piezoelectric structures, especially for piezoelectric materials are always neglected since it is not given by manufacturer [18] . It is important to know a precise damping influence to interfacial crack under impact loading.
In this paper, based on the total Lagrangian formula, a nonlinear finite element analysis of impact interfacial fracture for the piezoelectric composite laminates is provided. The Newmark method is used to solve the dynamic equation. Virtual crack closure technique is used to evaluate the energy release rate of crack tip. Contact elements are set up on crack surface and in the area in contact under impact loading to prevent the penetration between PZT and composite laminates. The response curves of the energy release rate are obtained for piezoelectric composite laminates. Numerical results are provided to show the effects of the piezoelectricity, the applied voltage, the stack sequence of composite laminates on the resulting dynamic energy release rate of piezoelectric composites. Finally, the influence of damping for interfacial crack of piezoelectric composites under impact loading is also discussed.
BASIC THEORY

Implicit Solution Scheme for Dynamic FEM
The governing equation for dynamic finite element analysis is as follows: (1) ( 2) where M uu is the mass matrix, K uu is the stiffness matrix, K uφ and K φφ are piezoelectric stiffness matrix and dielectric stiffness matrix, f e and f q is mechanical forces and electrical charges at nodal points. The vector x=x(t) is the global vector of nodal displacements.
The general form of the damping matrix C is given by:
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The classical Newmark scheme is based on Taylor expansions of the displacements x and the velocities. Neglecting terms of higher order and introducing the traditional parameters γ, 2η [0, 1] leads to:
The accuracy of the transient dynamic solution depends on the integration time step: the smaller the time step, the higher the accuracy. A time step that is too large introduces an error that affects the response of the higher modes.
Contact Problem
The penalty method enforces approximate compatibility by means of contact stiffness. It is essential to prevent the two areas from passing through each other. The penalty allows surface penetrations, which can be controlled by changing the penalty parameter of the combined normal contact stiffness. The value of the combined normal contact stiffness may be estimated as:
Where f is a factor that controls contact compatibility, E is the smallest value of Young's Modulus of contacting material, h is the contact length. The contact stiffness is the penalty parameter, which is a real constant of the contact element. If the combined normal contact stiffness is too small, the surface penetration may be too large, which may cause unacceptable errors. On the other hand, if the penalty parameter is too large, then the combined normal contact stiffness may produce severe numerical problems in the solution process or error results.
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virtual crack closure technique (VCCT) [19] . The virtual crack closure technique utilizes the product of nodal forces and the difference in nodal displacements to calculate the energy release rates components for each fracture mode. The method is based on two main assumptions: the energy released (ΔG) when the crack is extended from (a + Δa) to (a + 2Δa) is identical to the energy required to close the crack between location j and k; A crack extension from (a + Δa) to (a + 2Δa) does not significantly alter the state at the crack tip. Therefore, the displacements, behind the crack tip at node j, are approximately equal to the displacements behind the original crack tip at node i. Based on one-step-analysis 3D-VCCT, the strain energy release rates can be approximated as the product of the nodal forces at the crack tip and the nodal displacement openings behind the crack tip. That is (8) where ΔA = Δa•b, Δa is the length of the elements at the delamination front and b is the width of the elements, F Xj , F Yj and F Zj denote the forces at the delamination front as shown in Fig.5 .The corresponding displacements behind the delamination front at the top face node row i are denoted u i , v i , w i and at the lower face node row i* are denoted u i* , v i* , w i* .
RESULTS AND DISCUSSION
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crack is considered, as shown in Fig.2 . The plate is subjected to impact mechanical and electric loading of step function type at time t = 0. The electric loading is voltage V=0, and the impact step mechanical load σ 0 =1.0 kPa. The material properties are taken as Ref.11 . In the present validation analysis, 2D 4-node piezoelectric couple element designated as plane13 of a commercial FE software ANSYS has been used. The implicit dynamic analysis procedure mentioned above was employed and no convergence difficulty was encountered. 
Piezoelectric composite laminates with interfacial crack
A piezoelectric composite configuration which the composite laminates bonding with two PZT patches, face node row i * are denoted u i* , v i* , w i* .
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Piezoelectric composite laminates with interfacial crack
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Fig.4: Configuration model
In the present analysis, 3-D 8-node couple piezoelectric element and 3-D 8-node layered elements designated as SOLID 5 and SOLID 46 of commercial FE software ANSYS have been used to model the PZT and composite laminates, respectively. 3-D 8-node surface-to-surface contact element CONTA174 is used to represent the contact between the PZT and composite laminates. The convergence of the solution has been ensured using appropriate mesh density of the elements near the delamination front.
The displacement boundary conditions are x=y=z =0, for all nodes at x = 0 and x = 3L as shown in Fig.4 . The piezoelectric composite laminates is subjected to impact mechanical-electric loading of step function type at time t = 0. The electric loading is electric potential V. In this section, a dimensionless parameter is defined as R=Ve 22 /Lσ ο , which denotes the impact electric loading. In these simulations, the impact step mechanical load σ 0 keeps to be 1.0 kPa, for electric loading, R is taken to be -0.56,-0.28, 0, 0.28 and 0.56, the energy release rate is normalized by G N =1000σ 0 πa/c 22 , the time-axis is normalized by SYS have been used to model the PZT and rface contact element CONTA174 is used to tes. The convergence of the solution has been ar the delamination front. The displacement d x = 3L as shown in Fig.4 . The piezoelectric ic loading of step function type at time t = 0. tion, a dimensionless parameter is defined these simulations, the impact step mechanical o be -0.56,-0.28, 0, 0.28 and 0.56, the energy is normalized by ( )
, t = are applied to both upper and lower side of the are at A of delamination front in Fig.4 . In this to vibration in a fluid medium. It is enough to ped [18] . The time step is taken to be 1e-6 s. t = 0 is the time when the impact mechanical and electric loading are applied to both upper and lower side of the PZT patches. And all the energy release rates discussed below are 
Piezoelectric composite laminates with interfacial crack
A piezoelectric composite configuration which the composite laminates bonding with two PZT patches, symmetrically, as shown in Fig.4 .The dimensions of the piezoelectric composite laminates are: L=50mm, W=20mm, hp=0.5mm, hc=0.75mm . Laminate thickness is equal to 0.125mm. The initial crack length is a=10mm. The material constants of the PZT patches and composite laminates are presented as the following: Laminate material parameters: Elastic constants:
Mass density: E2=E3=9GPa, v12=v13 =0.24, v23=0.46, G12=G13=5.2GPa, G23=3.4Gpa ; ρ2=1200kg/m 2 .
Fig.4: Configuration model
In the present analysis, 3-D 8-node couple piezoelectric element and 3-D 8-node layered elements designated 
Piezoelectric composite laminates with interfacial crack
Fig.4: Configuration model
In the present analysis, 3-D 8-node couple piezoelectric element and 3-D 8-node layered elements designated Fig.3: The variation of energy release rate with time t iezoelectric composite laminates with interfacial crack iezoelectric composite configuration which the composite laminates bonding with two PZT patches, metrically, as shown in Fig.4 .The dimensions of the piezoelectric composite laminates are: L=50mm, 0mm, h p =0.5mm, h c =0.75mm. Laminate thickness is equal to 0.125mm. The initial crack length is mm. The material constants of the PZT patches and composite laminates are presented as the following: at A of delamination front in Fig.4 . In this work it is assumed the Rayleigh damping, which it is related to vibration in a fluid medium. It is enough to simulate the physical piezoelectric actuator and transducer damped [18] . The time step is taken to be 1e-6 s.
Fig.5:
The influence of piezoelectricity on the response of G with and without contact Fig.5 shows the impact responses of the dynamic energy release rates under mechanical load in piezoelectric composite laminates with and without regards to piezoelectricity. It can be seen that the piezoelectricity reduces total energy release rate G about 50%, hence, the piezoelectricity affects the impact responses dramatically, and apparently the response curves of G seem to be different. Because the piezoelectric effect makes the material stiffer, induces larger wave velocities which decreases the energy release rate G. From Fig.5 , it also can be seen that the response curves are almost same to no piezoelectricity whether consider contact or not, but for piezoelectricity, the contact effect is very obvious, the oscillate amplitudes of G is reduced and postpones the time when G goes to its maximum by considering contact.
Figs. 6-8 show the impact responses of the energy release rates in piezoelectric composite laminates with different voltage. From Figs. 6 and 7, can be seen that the impact response of dynamic energy release rate varying more wildly if the plate is subjected to electric loading. It can be seen that an applied voltage increase G 1 and G 2 whether the voltage is positive or negative. But a negative voltage increases G 1 and reduces G 2 . The oscillate amplitudes of the G 1 and G 2 increase as the applied voltage increases. Hence, the positive voltage impresses the oscillation while the negative one enforces it for piezoelectric composite laminates. It can be seen that an applied voltage increase the maximum values of total enload σ 0 keeps to be 1.0 kPa, for electric loading, R is taken to be -0.56,-0.28, 0, 0.28 and release rate is normalized by G N =1000σ 0 πa/c 22 , the time-axis is normalized by
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Finite Element Analysis for Interfacial Crack in Piezoelectric Composite under Impact Loading
Response curves of G in piezoelectric composite with different stacking sequence(R = -0.28) : Response curves of G in piezoelectric composite with different stacking sequence (R=0.28) show the impact responses of the dynamic energy release rates in piezoelectric composite different stack sequence (the unbalanced composite laminates). From Fig.7 Considering damping of PZT-4, composite laminates and epoxy resin, the frequency ranges was chosen due to about 10-100 kHz, for piezoelectric ceramics or piezoelectric actuators, there are resonance frequencies, and besides 100 kHz is larger than first resonance frequency and less than other resonance frequencies. From Fig.11 , we can see, with considering viscous damping β, the response curves of G are varies very smoothly, the larger of viscous damping, the response more smoothly, and the oscillate amplitudes become smaller too. Without considering damping, the energy release rate G will be overestimated. We can also find that the damping slightly postpones the time when G goes to its maximum value. Fig.12 shows response curves of maximum energy release rates G, against the applied voltage R with different viscous damping. From Fig.12 , it can be seen that the damping reduced the maximum values of G whether the voltage is positive or negative. The larger the voltage applied, the effect of damping is more obvious. At the same magnitude, a positive electric potential seems to be more sensitive to damping, and the G is decreased much comparing with a negative one. Thus, it is necessary to consider the damping effect in the dynamic fracture analysis, especially for large electric loading.
CONCLUSIONS
In this paper, based on the total Lagrangian formula and virtual crack closure technique, a finite element analysis of impact interfacial fracture for the piezoelectric composite laminates is provided. Numerical verifications have been performed and good results are obtained by presented solution scheme. For the G when the voltage is positive with [30 6 ] and [45 6 ] stacking sequence. We can see, since the ar coupling and bending-torsion coupling of the unbalanced composite laminates, the energy es responses under impact mechanical-electric loading are very different, and the influence of the d negative voltage resulting it more complex for the piezoelectricity. g damping of PZT-4, composite laminates and epoxy resin，the frequency ranges was chosen due 0-100 kHz, for piezoelectric ceramics or piezoelectric actuators, there are resonance frequencies, s 100 kHz is larger than first resonance frequency and less than other resonance frequencies. From can see, with considering viscous damping β, the response curves of G are varies very smoothly, of viscous damping, the response more smoothly, and the oscillate amplitudes become smaller too. onsidering damping, the energy release rate G will be overestimated. We can also find that the lightly postpones the time when G goes to its maximum value.
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In this paper, based on the total Lagrangian formula and virtual crack closure technique, analysis of impact interfacial fracture for the piezoelectric composite laminates is prov verifications have been performed and good results are obtained by presented solution sche of the crack model of piezoelectric composite laminates, the influence of the piezoelectrici responses is strong for piezoelectric composites with high mechanical and electric couplin piezoelectric effect makes the material stiffer, induces larger wave velocities which decre release rate G. An applied voltage increases the maximum values of total energy release ra voltage is positive or negative, and a negative electric field has somewhat bigger effect tha The influence of the positive and negative voltage result it more complex for the piez unbalanced stacking sequence. And it is necessary to consider the contact and damping effec fracture analysis, especially for large electric loading. case of the crack model of piezoelectric composite laminates, the influence of the piezoelectricity on the impact responses is strong for piezoelectric composites with high mechanical and electric coupling behaviour, the piezoelectric effect makes the material stiffer, induces larger wave velocities which decreases the energy release rate G. An applied voltage increases the maximum values of total energy release rate G whether the voltage is positive or negative, and a negative electric field has somewhat bigger effect than a positive one. The influence of the positive and negative voltage result it more complex for the piezoelectricity with unbalanced stacking sequence. And it is necessary to consider the contact and damping effect in the dynamic fracture analysis, especially for large electric loading.
